Abstract: Through adding a groove to an end-coupled perfect ring (PR) resonator, a ring-groove (RG) joint metal-insulator-metal (MIM) structure is proposed. Destructive interference for the expected surface plasmon mode will occur due to the phase differences between two optical paths, leading to the plasmonic-induced absorption response with abnormal dispersion, which is analogous to the electromagnetically induced absorption in the three-level atomic system. A transmission dip is achieved at the former-peak wavelength of the PR resonator, while two transmission peaks arise around the window. The proposed structure, which benefits from -0.3 ps group delay time, will be preferred in the ultrafast-light applications. Due to the same interference effect, plasmonic-induced transparency response with slow-light characteristic is also investigated by arranging the RG joint resonator to be a side-coupled configuration. Therefore, a new approach for on-chip light-speed control can be developed by using the proposed structures, whose performances are investigated by the finite-difference time-domain (FDTD) method and the coupled mode theory.
Introduction
Recently, subwavelength metal-insulator-metal (MIM) waveguides [1] - [5] have been considered to be promising for nano-integrated photonic circuits by taking advantage of the deep-subwavelength confinement of light. Various outstanding characteristics for MIM waveguides are successively explored for the all-optical communication and sensing areas, such as wavelength selection, power splitting, Fano resonance, analogous electromagnetically induced transparency (EIT), and so on [6]- [18] . Especially for the EIT effect, which shows great potential in slow-light applications due to the significant dispersion within the transparency window, it was first achieved by the quantum interference effect in laser-driven three-level atomic systems [19] . However, hard operation conditions limit its development, and then alternative plasmonic induced transparency (PIT) effects that are analogous to the EIT effects, are demonstrated in various MIM waveguide structures [20] - [25] . Owing to the strong destructive interference between the bright and dark modes, which are generated from the directly and indirectly coupled resonators, respectively, the PIT phenomenon has been observed in the dual-disk, dual-ring, and dual-slot-cavity resonators [26] - [29] . Besides, transparency windows have also been achieved in the single stub [30] , T-shaped [31] , and H-shaped [32] resonators.
Although the MIM-waveguide-based slow light techniques are widely developed due to the group delay inside the PIT peaks, it should be noted that ultra-fast light is also the important issue in the all-optical communication area. Since plasmonic induced absorption (PIA) effect possesses the abnormal dispersion and the novel fast-light features, more and more attention is gradually paid on the PIA by using MIM waveguides. Recently, PIA response is investigated by using simple MIM waveguides with concentric nanorings [33] . It is believed that this kind of structures will be benefit to the ultra-fast optical switching in highly integrated photonic devices [34] , [35] .
In this paper, an end-coupled ring-groove (RG) joint MIM waveguide structure is proposed in the first time. New approach for PIA, which is different from the three-level atomic system, is obtained due to the strong destructive interference between the SPPs from two optical paths. Unlike the perfect ring (PR) structure that is regarded as a Fabry-Pérot (FP) resonator, PIA response with abnormal dispersion is achieved at the wavelength of the former transmission peak by adding a groove in the PR. By setting the RG joint resonator to be a side-coupled one, PIT response is also obtained because of the same interference effect. The performances are investigated by using the finite-difference time-domain (FDTD) and coupled mode theory (CMT) methods.
Theory and Simulations
The traditional end-coupled PR structure is shown in Fig. 1(a) . The PR resonator locates between the input and output MIM waveguides with the coupling distances s. The metal and insulator are defined as silver and air for the MIM waveguides, respectively, and the optical constants are obtained from the experiment [36] . Since the PR is regarded as a FP resonator, the resonance condition of the PR can be approximately given by
where L eff = π(r + R )/2 is effective resonance length, Re(n eff ) is the real part of the effective refractive index n eff obtained from the dispersion equations [37] 
D is the width of the waveguide, k z1,
is the transverse propagation constant in the insulator or metal, and k 0 = 2π/λ is the wave-vector in free space, ε i and ε m are the dielectric constants of the dielectric medium and the metal, respectively. Obviously, the parameter ε m will affect the effective refractive index of the MIM waveguide. Therefore, the transmission loss and dispersion, which are dominated by the imaginary part and real part of the effective refractive index, respectively, are included during the simulation. During the FDTD simulations, the following parameters are the same all through the paper: the widths of the input and output waveguides are D = 50 nm, the coupling distances in left and right sides are s = 10 nm, and the inner and outer radius are defined as r = 170 nm and R = 220 nm, respectively. The transmission spectrum for the PR resonator is shown in Fig. 1(b) where the 1st and 2nd order resonance modes with high transmittances are achieved at the wavelengths of 1771.1 nm and 891.6 nm, respectively. This kind of structure can serve as an on-chip optical filter, which has been widely demonstrated. The corresponding magnetic field distributions at the peak wavelengths are also shown in Fig. 1(b) . Obviously, there is a node for the 1st mode at the top of the PR resonator, while an antinode for the 2nd mode locates near the top. In this case, when a groove is placed at this position, as shown in Fig. 2 , SPPs for the 2nd mode will be captured into the groove but the first mode will not be affected, and therefore, all the following analyses refer to the second mode. Specifically, destructive interference will occur near the output MIM waveguide, when the phase difference θ between the upper circle and the below circle of RG joint structure satisfies the condition
where k = 2πRe(n eff )/ = 2πRe(n eff )λλ is the wave vector inside the waveguide; θ 1 and θ 2 are the phase delays from the upper circle and the below circle paths, respectively; L is the length of the groove; and φ is the phase delay caused by the reflection at the end of the groove. Unlike the EIA effect in the laser driven three-level atomic system, which requires complicated operation mechanism, the PIA response can be easily obtained through the destructive interference effect. In this case, a band gap with abnormal dispersion will arise at the wavelength of the former transmission peak.
By getting insight into the PIA effects, CMT method [38] , [39] is also used to explain the mechanism, as shown in Fig. 2 . The amplitudes of SPPs, which are normalized to the incident optical power, are defined as S 1, 2± in the input and output waveguides, respectively. Q w is the quality factor related to the coupled loss between the MIM waveguide and the ring resonator. Q r and Q g are the quality factors related to the intrinsic loss inside the ring and groove, respectively. The quality factor related to the loss between the ring and groove is Q c , which is with a quite small value because the ring and groove are almost connected. When the SPPs modes are only launched into the structure from the left side, we can obtain S 2− = 0, and then the time-evolution normalized amplitudes a of the ring and b of the groove can be expressed as da dt
where ω 0 is resonant frequency. In this case, the transmission spectrum of the device can be further derived as
where δ = (ω − ω 0 )/ω 0 is the normalized frequency, and ω is the frequency of the incident SPP mode.
By setting L = 110 nm and W = 30 nm, the transmission spectrum using FDTD method is shown in Fig. 3(a) with red-solid line. For easily comparison, the transmission spectrum for the PR resonator is also plotted in Fig. 3(a) with black-dotted line. Obviously, PIA effect is obtained, since the previous peak at 891.6nm (i.e., the 2nd resonance mode of the PR resonator) is replaced by a forbidden band after adding the groove to the PR structure. Meanwhile, the 1st mode keeps no changes as the analysis above. Besides, two new transmission peaks with transmittances of ∼0.6 are achieved at the wavelengths of 775.3 nm and 1038.4 nm, respectively. In another way, Fig. 3(b) further investigates the performances of the device with FDTD and CMT methods, respectively. According to [26] and [40] , the parameters are evaluated as Q r = 800, Q g = 180, Q w = 80, and Q c = 3.3, and then, the transmission spectrum by using the CMT method is plotted in Fig. 3(b) by a red-circle line. PIA effect is theoretically confirmed since an absorption window is available at the resonance wavelength. The results agree well with that employing the FDTD method in Fig. 3(b) with black-solid line. Hence, PIA response in this structure is simultaneously investigated by the CMT and FDTD methods. Fig. 3(c) -(e) show the magnetic field distributions of the transmission peaks and the forbidden band, which are marked with "A, B, C" in Fig. 3(a) . Obviously, SPPs for the transmission peaks can pass through the output waveguide in Fig. 3(c) and (e), while the ones for the band-gap in Fig. 3(d) will be stopped by the RG structure. Interestingly, by comparing to the field distribution in Fig. 3(c) or (e), reversed phase occurs at the groove in Fig. 3(d) . Therefore, π phase difference between the upper circle and the below circle paths is achieved, leading to the destructive interference on the right side of the ring.
The phase responses with respect to the wavelengths for the PR and RG joint structure are also analyzed in Fig. 4(a) , which presents two distinct phase curves. Comparatively smooth curve with black-dotted line is obtained for PR structure, but π phase shift arises at the induced absorption window for RG joint structure, as shown with red-solid line. The dispersion d ρ and the delay time τ satisfy the conditions τ(λ) = −λ 2 dθ/2πcdλ and d ρ = dτ/dλ, respectively. In this case, abnormal dispersion will be obtained because ∼-0.29 ps group delay time is achieved at the PIA window, as illustrated in Fig. 4(b) with red-solid line. One can easily manipulate the on-chip fast-light transmission by using this subwavelength MIM waveguide structure, which can find important applications in the nano-integrated devices for optical switching. Besides, ∼0.05 ps delay time is also achieved for the both transmission peaks, and then the signal can propagate through the channels with positive delay but without significant attenuation. Therefore, slow light features are also available in this structure by using the two peaks.
According to (2), the absorption window will be affected by the length L of the groove. In Fig. 5(a) , it can be found out that the absorption window and the two surrounded bright modes (named as BM1 and BM2 modes, respectively) all have redshift by setting L = 80 nm 100 nm and 140 nm, respectively. In Fig. 5(b) , by setting L from 80 to 160 nm with a step of 10 nm, it is further investigated that the wavelengths for the PIA window and the two transmission modes almost have a linearly proportion relationship with the groove length. Besides, there is always a transmission peak available at 1771.1 nm, which indicates that the transmission peak of the first resonance mode will not be changed by the length of the groove. Therefore, one can design the PIA system with flexible wavelength manipulation by setting the parameter L.
Likewise, the strong interference effect should also occur in the side-coupled RG joint resonator. Fig. 6(a) and (b) shows the configurations of side-coupled PR and RG joint structure. The coupling distance s is defined as 15 nm, the width and length of the groove are W = 100 nm, and L = 60 nm, respectively, and the other parameters are the same as that in Fig. 1 . According to the FDTD simulations, it can be clearly seen that a forbidden band is achieved for the side-coupled PR structure, as shown in Fig. 6(c) with black dotted line. In this case, the PR structure is regarded as a FP filter. By adding a groove to the PR, a transparency window arises at the former band gap with high transmittance (i.e., >0.9) due to the strong destructive interference effect, as shown in Fig. 6(c) with red solid line. Therefore, PIA effect is achieved in the side-coupled RG joint structure, and optical signal can transmit through the device without significantly attenuation. Besides, the figure of merit (FOM) [41] , which is usually to evaluate the performance of the structure, is given as
where FWHM is the full width at half maximum at the center resonance wavelength, and λ/ n is the wavelength shift per refractive index. Since the center wavelength and the FWHM in is 874 nm and 77 nm, respectively, the value of FOM for the PIT window is calculated as 10.8 by setting the refractive index of the insulator to be 1.1. More details of the proposed structure are shown in Fig. 7 , including the phase condition and the delay time in the transparency window. Contrary to the PIA phenomenon in Fig. 4 , normal dispersion and slow-light characteristic are obtained. Thus, this kind of structure can provide a simple approach for developing the on-chip slow-light techniques and find important applications in the nano-integrated circuits for optical storage.
Conclusion
In conclusion, PIA phenomenon has been investigated in our proposed end-coupled RG joint MIM structure. Due to the interference effect after adding a groove to the PR structure, an absorption window was induced at the wavelength of the former transmission peak of the PR. Abnormal dispersion has been achieved due to −0.29 ps group delay time within the window. Besides, PIT effect has also been investigated by setting the RG joint resonator to be a side-coupled one. Normal dispersion was achieved inside the transparent window. Therefore the proposed structure is meaningful to the development of the plasmonic devices, and it may be used for the ultra-fast optical switching and slow-light applications.
